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The mechanism of glycine action in growth inhibition was studied on eight
different species of bacteria of various genera representing the four most common
peptidoglycan types. To inhibit the growth of the different organisms to 80%,
glycine concentrations from 0.05 to 1.33 M had to be applied. The inhibited cells
showed morphological aberrations. It has been demonstrated that glycine is
incorporated into the nucleotide-activated peptidoglycan precursors. The
amount of incorporated glycine was equivalent to the decrease in the amount of
alanine. With one exception glycine is also incorporated into the peptidoglycan.
Studies on the primary structure of both the peptidoglycan precursors and the
corresponding peptidoglycan have revealed that glycine can replace L-alanine in
position 1 and D-alanine residues in positions 4 and 5 of the peptide subunit.
Replacement of L-alanine in position 1 of the peptide subunit together with an

accumulation of uridine diphosphate-muramic acid (UDP-MurNAc), indicating
an inhibition of the UDP-MurNAc: L-Ala ligase, has been found in three bacteria
(Staphylococcus aureus, Lactobacillus cellobiosus and L. plantarum). However,
discrimination against precursors with glycine in position 1 in peptidoglycan
synthesis has been observed only in S. aureus. Replacement of D-alanine residues
was most common. It occurred in the peptidoglycan with one exception in all
strains studied. In Corynebacterium sp., C. callunae, L. plantarum, and L.
cellobiosus most of the D-alanine replacing glycine occurs C-terminal in position
4, and in C. insidiosum and S. aureus glycine is found C-terminal in position 5. It
is suggested that the modified peptidoglycan precursors are accumulated by
being poor substrates for some of the enzymes involved in peptidoglycan
synthesis. Two mechanisms leading to a more loosely cross-linked peptidoglycan
and to morphological changes of the cells are considered. First, the accumulation
of glycine-containing precursors may lead to a disrupture of the normal balance
between peptidoglycan synthesis and controlled enzymatic hydrolysis during
growth. Second, the modified glycine-containing precursors may be incorpo-
rated. Since these are poor substrates in the transpeptidation reaction, a high
percentage of muropeptides remains uncross-linked. The second mechanism may

be the more significant in most cases.

The inhibitory effect of glycine on bacterial
growth has been known for a long time (5, 6,
12-14, 37, 41, 43, 44). Since the morphological
effects of glycine are similar to those of penicil-
lin, i.e., cell elongation and spheroplast forma-
tion, it has been assumed that the cell wall is
the main site of glycine action. Strominger and
Birge (38) studied the glycine effect in Staphy-
lococcus aureus and demonstrated the accu-
mulation of uridine diphosphate-N-acetyl mu-
ramic acid (UDP-MurNAc) and other cell wall
precursors in which L-alanine was replaced by
glycine. A more detailed study of the inhibition

of the L-alanine-adding enzyme by glycine was
carried out by Hishinuma et al. (15). Both
authors propose that growth inhibition is at
least partly due to inhibition of the "L-Ala-
adding-enzyme". Neither of the two authors
have investigated whether glycine-containing
precursors are incorporated into the peptidogly-
can.

Preliminary experiments of Stern (Diplom
Thesis; Technical University Muinchen, 1971)
have shown that the peptidoglycan of several
lactobacilli grown under high glycine concentra-
tions (1 to 10%) contains glycine, whereas the
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amount of alanine was reduced. Some of the
glycine residues obviously replaced L-alanine
residues, as shown by a decrease of the amount
of L-alanine and the occurrence of the peptides
Gly-D-Glu and muramyl-glycine (Mur-Gly), in
addition to L-Ala-D-Glu and Mur-L-Ala in the
partial acid hydrolysates of the cell walls. The
amount of glycine was significantly higher,
however, than the decrease of L-alanine. This
indicates that glycine residues are incorporated
in some additional positions of the peptidogly-
can. The experiments described in this paper
have demonstrated that glycine replaces not
only L-alanine but also D-alanine and that it is
the latter replacement that causes growth inhi-
bition and morphological aberrations.

MATERIALS AND METHODS
Organisms. The organisms used in this study are

listed in Table 1. Corynebacterium sp. was isolated in
our laboratory from an airborne contamination. Staph-
ylococcus aureus strain Copenhagen was obtained
from J. M. Ghuysen, Liege, Belgium. Bacillus subtilis
W23 was provided by A. R. Archibald, Newcastle
upon Tyne, England; and Lactobacillus plantarum
NIZO 3610 was provided by the Nederland Instituut
voor Zuivelonderzoek, Ede, The Netherlands.
Growth conditions. Lactobacilli were grown in

MRS-medium (20); all the other strains were grown in
yeast extract glucose broth (23) containing 0.5%
sodium chloride. Concentrated glycine solutions were
autoclaved separately and added to the medium in
necessary amounts under sterile conditions. The orga-
nisms were grown at 30 C (Corynebacterium sp., C.
callunae, C. insidiosum, C. mediolanum, and L.
plantarum) or at 37 C (B. subtilis, L. cellobiosus, and
S. aureus) either aerobically on a shaker or under

conditions favorable to microaerophilic growth (only
lactobacilli). The uniformity of the cultures was

checked by phase-contrast microscopy and by dilu-
tion on agar plates. Growth was followed by measur-
ing the optical density at 578 nm.

Determination of the glycine sensitivity. A series
of' flasks containing 30 ml of medium and increasing
concentration of glycine was inoculated with 0.1 ml of'
an overnight grown culture. The optical density was
measured at 578 nm after 24 and 48 h of growth. The
percentage of inhibition was calculated in comparison
to the growth of a noninhibited sample.

Electron microscopy. Samples were prefixed in
0.1% OSO4 and then fixed in 1% OSO4 by the method
of Ryter et al. (33). After dehydration in ethanol and
propylene oxide, they were embedded in Durcupan
ACM (Fluka, Buchs, Switzerland) and sectioned on a

ultratom III microtome (LKB, Stockholm, Sweden).
The sections were examined in a Zeiss electron
microscope (EM 9A).

Preparation of cell walls. Cell walls were pre-
pared in the usual way (35). Before disruption the
cells were suspended in 50 to 100 ml of distilled water
and boiled for 10 min. This procedure was employed
to inactivate the autolytic enzymes and to extract, at
the same time, the nucleotide-activated precursors.
The cells were disintegrated with glass beads in a cell
mill (Bufhler, Tuibingen, BRD). The crude cell walls
were treated with trypsin to digest proteins. Cell walls
containing teichoic acid were suspended in 0.1 M
boric acid-NaOH buffer (pH 9.0, 20 C) for 1 h to
remove ester-linked alanine residues. The cell walls
were thoroughly washed and freeze-dried.

Analytical procedure. For determination of amino
acids and amino sugars, the cell walls were completely
hydrolyzed in 4 N HCl (0.1 ml/mg cell wall) at 100 C
in sealed tubes for 16 h. To get complete hydrolysis of
b-(aminosuccinyl)-ornithine, the cell walls of L.
cellobiosus were hydrolyzed in 6 N HCl at 125 C for 16

TABLE 1. Sensitivity of the various bacteria toward glycine

80%
Species inhibition Morphology Peptidoglycan type

X% glycine

L. plantarum NIZO 3610 3 Elongation and deformations meso-Dpm-direct

B. subtilis W 23 0.4 Elongated cells meso-Dpm-direct

Corynebacterium sp. 4 Elongation and spheroplast meso-Dpm-direct
formation

C. callunae ATCC 15991 7 Coccoid cells and spheroplast meso-Dpm-direct
formation

L. cellobiosus ATCC 11739 10 Elongated and swollen cells L-Orn-D-Asp

S. aureus Copenhagen 5 Irregular size L-Lys-(Gly)5-6

C. mediolanum ATCC 14004 1.0 Coccoid cells and spheroplast
formation

(L-Dab)-D-Glu-D-Dab
C. insidiosum ATCC 10253 0.55 Coccoid cells and spheroplast

formation
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h. Under these conditions the amino sugars were
degraded, and therefore the values for the amino
sugars had to be calculated from 4 N HCl hydroly-
sates of cell walls. Dinitrophenylated cell walls and
peptides were hydrolyzed in 6 N HCl at 100 C for 6 h.
Quantitative amino acid and amino sugar determina-
tions were carried out with an automatic amino acid
analyzer (Beckman 120 C). Partial acid hydrolysis
was performed in 4 N HCI at 100 C. Cell walls were
usually hydrolyzed for 45 min; nucleotide-activated
precursors and muropeptides(peptidoglycan frag-
ments, 42) were hydrolyzed from lysozyme lysates for
only 10 min. Isolation and identification of peptides in
the partial acid hydrolysate of cell walls were carried
out as described earlier (35, 36). The following solvent
systems were employed for the separation of amino
acids, amino sugars, and peptides by paper chroma-
tography: (i) isopropanol-acetic acid-water
(75:10:15); (ii) a-picoline-25% NH4OH-water
(70:2:28); (iii) n-butanol-propionic acid-water,
(750:352: 498). Ninhydrin was used as spray reagent.

N-terminal amino acids were determined by dini-
trophenylation. Cell walls were dinitrophenylated by
the method of Takebe (39); peptides, muropeptides,
and precursors were dinitrophenylated by the method
of Ghuysen et al. (10). Total amino groups were also
measured after dinitrophenylation (11). Mono-dini-
trophenyl (DNP) L diamino acids were prepared as
follows. An 80-mg amount of diamino acid was
dissolved in 20 ml of 2.5% of a sodium bicarbonate
solution; 40 ml of ethanol and 0.073 ml of 1-fluo-
ro-2,4-dinitrobenzene (FDNB) were added; and the
solution was incubated at 50 C for 30 min. Ethanol
was removed in a stream of warm air, and unreacted
FDNB was extracted with ether. The aqueous phase
was acidified with 2 ml of 4 N HCl. Di-DNP-diamino
acids were extracted with ethyl acetate, and mono-
DNP-diamino acids were extracted with a mixture of
ethyl acetate and n-butanol (1: 1, vol/vol). The DNP-
amino acids were separated and identified by thin-
layer chromatography on silica gel in the following
solvent systems: (iv) benzene-acetic acid (8:2); (v)
chloroform-methanol-acetic acid (95:5: 1); (vi) chlo-
roform-methanol-acetic acid-water (65:25:13: 8).
Quantitative determinations of these derivatives were
carried out photometrically (30) and by comparison of
the amino acid content of untreated and dinitro-
phenylated samples. C-terminal amino acids were
determined after hydrazinolysis. Anhydrous hydra-
zine was prepared by the method of Fraenkel-Conrat
and Tsung (8). Samples containing 0.3 to 0.4 gmol of
each C-terminal amino acid were dried in tubes. A
0.3-ml amount of anhydrous hydrazine was added and
the tube was immediately sealed and incubated at
80 C for 48 h. The excess reagent was removed in
vacuo over concentrated H2SO4. The dried samples
were dissolved in 0.3 ml of an aqueous norleucine
solution (0.1 gmol/0.3 ml). Norleucine was employed
as an internal standard. Redistilled benzaldehyde
(0.05 ml) was added, and the tubes were thoroughly
mixed for 10 s at 5-min intervals for 1 h. The emulsion
was centrifuged at 12,000 x g for 5 min, and the clear
supernatant fluid was treated with benzaldehyde in
the same way. The supernatant fraction was then
extracted twice with 0.3 ml of ether and finally dried

in vacuo. The amount of C-terminal amino acid was
determined by the amino acid analyzer or by photo-
metric measurement of the DNP-derivative; the hy-
drazinolytic procedure was standardized by using cell
walls of Micrococcus luteus (lysodeikticus), in which
all of the glycine residues are C-terminal, and authen-
tic peptides Ala-Gly, Gly-Ala, and Gly-Lys. It was
established that the hydrazinolysis of cell walls is not
as effective as that of soluble peptides. Yields of 65 to
68% of glycine were obtained in the case of cell walls of
M. luteus. The peptides have given yields of 80 to 85%
of the theoretical amount of C-terminal amino acid.
These figures were used as correction factors. The
quantitative determination of L- and D-alanine was
performed by the method of Larson et al. (18),
L-valine used as internal standard. Total N-
acetylamino sugars were determined by the modified
Morgan-Elson procedure of Reissig et al. (31).

Isolation of muropeptides. A 2-g amount of puri-
fied cell wall was suspended in 200 ml of 0.1 M
ammonium acetate buffer (pH 6.2), and 200 mg of hen
egg white lysozyme (Boehringer, Mannheim) was
added. The suspension was incubated at 37 C for 20
min and then centrifuged at 35,000 x g for 45 min.
The clear supernatant fluid (lysate) was concentrated
under reduced pressure to a final volume of about 10
ml. Separation of the lysate was carried out by gel
filtration on two columns (80 by 2.5 cm): Sephadex
G-50 (fine) and Sephadex G-25 (fine), connected in
series with a flow rate of 20 ml/h at 20 C. For each
separation only 1.0 ml of the concentrated lysate was
applied and eluted with distilled water. The low-
molecular-weight fraction was further separated by
preparative chromatography on Whatman paper 3
MM in the solvent system vii: n-butanol-acetic acid-
water (62: 25: 25).

Isolation of nucleotide-activated peptidoglycan
precursors. Nucleotide-activated precursors were
either extracted by boiling water or by extraction with
25% (wt/vol) trichloroacetic acid at 4 C for 30 min (2).
Trichloroacetic acid was extracted with ether, and the
aqueous phase was neutralized, concentrated under
reduced pressure at 20 C, and applied to a column (80
by 2.5 cm) of Sephadex G-25 by the procedure of
Rosenthal and Sharon (32). The elution was carried
out with distilled water in a cold room (4 C) at a flow
rate of 20 ml/h. Fractions absorbing at 260 nm and
containing bound N-acetylamino sugar (31) were
pooled, concentrated, and separated by chromatogra-
phy on Whatman no. 3 MM paper in solvent system
viii: isobutyric acid-25% NH4OH-water (250:5: 145).
The nucleotide-activated precursors were observed on
chromatograms by ultraviolet (UV) absorption. The
UV-absorbing spots were eluted and rechromato-
graphed in solvent system ix: ethanol-1 M ammonium
acetate (7:3).

RESULTS
Growth inhibition and morphological

changes. The investigation was carried out
with organisms which contain peptidoglycan of
the four most common types (36). Fragments of
the primary structure of these four types and
the abbreviations employed in this paper are
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given in Fig. 1. The meso-diaminopimelic
(Dpm)-direct type is represented by four
strains, and the [L-Dab]D-Glu-D-Dab (Dab, di-
aminobutyric acid) type is represented by two
strains with different sensitivity toward glycine.
The sensitivity toward glycine of the investi-
gated strains, their morphological response to-
ward the inhibition and their peptidoglycan type
are summarized in Table 1.
The morphological effects were similar in all

strains. There is an elongation accompanied by
swelling of the cells (Fig. 2). The formation of
spheroplasts is frequent in some and rare in
other strains. In case of S. aureus, little change
is seen. The cocci become more or less irregular
in size, however.

-G-M-G-

L -Ala

D-Glu-NH2
l'Y

L- Lys+-Gly56 -D- Ala

It
D-Ala L- Lys

D-Ala

Electron microscope investigations were car-
ried out on ultrathin sections of normal and
glycine-inhibited cells of L. cellobiosus. We
observed that glycine inhibition leads to swollen
cells with a very loose cell wall (Fig. 3 and 4).
Additional layers are seen, and the outermost
layer is disintegrating. It is obvious that the cell
wall is heavily affected by glycine.

Effect of glycine on the primary structure
of the peptidoglycan and of peptidoglycan
precursors. To elucidate the mechanism of the
glycine inhibition, the primary structure of the
peptidoglycan of glycine inhibited cells and that
of the peptidoglycan precursors accumulating
during glycine inhibition were determined.

L. cellobiosus (L-Orn-D-Asp-type): primary

-G-M-G-
l

Gly
I Y

D -Glu -0D-Dab - D-Ala

L-Dab (A C) 2) L- Dab-t
L-Dab-(Ac)2) L-Dab

(0-Aa)')
tY

D -Glu-NH2

L-Ala
t

-G-M-G-

L-Lys-Gly5.6 type(A3aol)

-G-M-G-
I

L-Ala
'I

D-Glu-NH2
IY

m-Dpm e D-Ala

(D-Ala)3 m-Dpm
tY

D-Glu- NH2

L-Ala
t

-G -M-G-

-(Ac)2
tY

D-Glu
t

Gly
t

-G-M-G-

[L-Dab]D-Glu-D-Dab-type (Bly)1y

-G-M-G-
'I

L-Ala
'I

D-Glu -NH2

L-0 rn-D-AspNH2 - D-Ala

(D-Ala)3) L-Orn

D- Glu-NH2
t

L-Ala

-G-M-G-

m-Opm-direct type (Aly )1) L-Orn-D-Asp type (A30)1)
FIG. 1. Fragments of the primary structure of the four different types of peptidoglycan. (1) Abbreviations

according to Schleifer and Kandler (36). (2) Only present in C. insidiosum, not in C. mediolanum. (3) Absent in
a certain percentage of the peptide subunits, when the diamino acid is C-terminal. G, N-acetylglucosamine; M,
N-acetyl muramic acid; m-Dpm, meso-2,6-diaminopimelic acid.

1032 J. BACTERIOL.



GLYCINE AND BIOSYNTHESIS OF PEPTIDOGLYCAN

S t~~ .' I't*1~~~~~~~~dlaI
.~~~.)~~~~~di do'

/dP j*~
~~~~~ I.~~~~ip%II

I '~~% Pw W.
*~~ eN ' ;;~'~S<q,.

lb Io ~ j

%,_ I

c t

N 11
/ I

0 /.-'

Jf J
-!

_Kto .e-_//

FIG. 2. Phase-contrast microscope photographs of L. cellobiosus grown without (a) and with 4% (b) or 12%
(c) glycine. Bar indicates 10 gm (from G. Stern diplom thesis, Technical University, Muinchen, 1970).

structure of peptidoglycan. Cell walls of L.
cellobiosus grown under either normal condi-
tions or in the presence of 8% glycine were

prepared. The results of the quantitative amino
acid and amino sugar composition, the configu-
ration of the amino acids, and the amounts of C-
and N-terminal residues are given in Table 2.
The main differences between the control and
the inhibited sample are the following. (i) The
peptidoglycan of the inhibited cells contains
0.71 mol of glycine per mol of glutamic acid,
whereas the amount of alanine is decreased.
The sum of alanine and glycine is equal to the
amount of alanine in the control cells. (ii) The
amount of aspartic acid is decreased by about
20% in the inhibited sample, and a correspond-
ing increase of unsubstituted w-amino groups of
ornithine and lysine is found. (iii) Ornithine is
the only diamino acid in the peptidoglycan of
the control cells, whereas the inhibited sample
contains small but significant amounts of ly-
sine. The sum of ornithine and lysine is equal to
the amount of ornithine in the control sample.
(iv) The calculation of the extent of cross-link-
age, based either on the amounts of C-terminal

or N-terminal residues, shows a decrease of
cross-linkage in the inhibited sample by about
30%.
The location of glycine within the peptidogly-

can is indicated by the fact that not only is the
amount of L-alanine decreased by about 50%,
but also that of D-alanine by 30%. Therefore
glycine is expected to replace half (0.5 mol) of
the L-alanine residues in position 1 and 1/3 (0.21
mol) of D-alanine residues in position 4 of the
peptide subunit. In fact, 0.18 mol of glycine was

found to be C-terminal in the inhibited sample,
whereas the amount of C-terminal alanine and
diamino acids (Orn + Lys) did not change. This
means that the amount of tetrapeptide subunits
with C-terminal alanine is unchanged, but most
of the peptide subunits containing glycine resi-
dues in position 4 remain uncross-linked. Only
an insignificant amount of glycine may be
involved in cross-linkages. Figure 5 shows the
two-dimensional paper chromatograms of par-
tial acid hydrolysates of control and inhibited
samples. The replacement of L-alanine in posi-
tion 1 of the peptide subunit is demonstrated by
the occurrence of the peptides Mur-Gly and

a

IS1
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a

b

FIG. 3. (a) Electron micrograph of an ultrathin section of L. cellobiosus grown in MRS medium. Bar
indicates 0.5 Am. (b) Detail of Fig. 3a. Bar indicates 0.5 im.

Gly-D-Glu in the hydrolysate of inhibited cells.
The expected peptide Orn-Gly was not found.
Close to the origin a mixture of peptides was
located (no. 16) which was difficult to separate.
They contained all amino acids present in the
peptidoglycan, and some of them also contained
muramic acid. Unlike earlier studies of this
peptidoglycan type (26, 27), 6-(aminosuccinyl)-
ornithine was present only in traces, whereas
the corresponding acyclic peptide N5-fl-D-Asp-
L-Orn appeared in fair amounts. To get direct
evidence for the replacement of D-alanine by

glycine, we investigated the muropeptides of a
lysozyme lysate. In agreement with the much
poorer cross-linkage of walls from cells grown in
the presence of 1.1 M glycine, the lysis by
lysozyme proceeds much faster and more com-
pletely than in the control (Fig. 6). The lysate of
2 g of cell walls of the inhibited sample was
separated by gel filtration on combined columns
of Sephadex G25 and G50. The fraction F (Fig.
7), containing the highest amount of N-acetyl-
glucosamine derivatives of relative low molecu-
lar weight, was further separated by one-dimen-
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sional paper chromatography. Although some
ninhydrin-positive material remained close to
the origin (Fig. 8), most material moved further
and formed four poorly separated bands
(F2-F5). They were eluted and rechromato-
graphed, but a complete separation was not
achieved.
The molar ratio of amino acids and the

relative amounts of C- and N-terminal amino
acids of the four fractions are given in Table 3.
The slower-moving fraction (F2) contains obvi-
ously a mixture of dimers since only 0.5 mol of

both of C- and N-terminal amino acids is
present. The other poorly separated fractions
contain mixtures of monomers which differ in
their content of lysine. The slow-moving frac-
tion F3 contains almost exclusively ornithine,
whereas the dominant diamino acid in the
fast-moving fraction F5 is lysine.

Partial acid hydrolysates were prepared from
all fractions. A scheme of the two-dimensional
paper chromatogram of the hydrolysate of F2 is
shown in Fig. 9. It is very similar to that of total
cell walls (Fig. 5). Since less material remained

a

b
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FIG. 4. (a) Electron micrograph of an ultrathin section of L. cellobiosus grown in MRS medium containing
12% glycine. Bar indicates 0.5 Am. (b) Detail of Fig. 4a. Bar indicates 0.5 Am.
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TABLE 2. Molar ratio of the amino sugars and amino acids of the peptidoglycan of L. cellobiosusa

Growth
- Cross-

conditions Determination Mur GlcNH2 Glu Ala Gly Lys Orn Asp L-Ala D-Ala linkage
(%)

Normal Molar ratio 1.03 1.13 1.0 1.61 - - 0.96 0.89 0.99 0.61
C-terminal - - - 0.06* - - 0.37 - ND ND 57
N-terminal - - - - - - 0.07 0.37 ND ND

8% Glycine Molar ratio 1.18 0.99 1.0 0.91 0.71 0.14 0.81 0.67 0.50 0.41
added C-terminal - - - 0.06* 0.18 0.08 0.29 - ND ND 40

N-terminal - 0.04 0.23 0.31

a The numbers of the N- and C-terminal amino acids are also based on the amount of D-glutamic acid of the
peptidoglycan. Symbols: ND, not determined; *, configuration of the C-terminal alanine was not investigated.

b)
Isopropnoli/Acel c acIcd / H20

X>,6

°0c °4 Q3l1

'' 1213 s

13 ° )o1,

020

o289

FIG. 5. Scheme of a two-dimensional paper chro-
matogram of a partial acid hydrolysate of cell walls of
L. cellobiosus. (a) Control sample; (b) inhibited
sample. 1, Orn; 2, Lys; 3, Glu; 4, Asp; 5, Gly; 6, Ala; 7,
GlcNH2; 8, Mur; 9, Mur- L-Ala; 10, Mur- L-Ala-
Glu; 11, L-Ala-D-Glu; 12, L-Orn-D-Ala; 13, 6-

(aminosuccinyl)-ornithine; 14, N5-f3- D-Asp- L-Orn;
15, -y- D-Glu- L-Orn; 16, unidentified tri- and tetrapep-
tides; 17, Gly-D-Glu; 18, Mur-Gly-D-Glu; 19, L-Lys-
D-Ala; 20, Mur-Gly.

close to the origin of the chromatogram, it was
possible to purify spot no. 21 by repeated
one-dimensional paper chromatography. It con-

tained Glu, Gly, Orn in a molar ratio of 1:1:1.
In the hydrolysate of the dinitrophenylated
peptides DNP-Glu, DNP-Gly, and b-DNP-Orn
were found in a molar ratio of approximately
1: 1:2. This indicates the presence of a mixture
of Gly--y-D-Glu-L-Orn and y-D-Glu-L-Orn-Gly.
Unfortunately it was not possible to separate
the two peptides. The most likely structures of
the four fractions compatible with the data of
Table 3 and the peptides found in the partial
acid hydrolysates are shown in Fig. 10a. The
dimers of fraction 2 consist predominantly of
two tetrapeptides cross-linked by isoasparagine.
About 1/3 of the peptide subunits, carrying a

C-terminal amino acid, are existent as tripep-
tides with a C-terminal L-Orn instead of a

0.20

E0.15 - 0 * cnro el
c

,: .5IIs
wI *~~~~~~~~~~~~--- - *

c 0.1 0
e
2o

0 0.05- cells inhibited by glycine

30 60 90 120 150 min

FIG. 6. Lysis of cell walls of L. cellobiosus by
lysozyme. Cells were suspended in 0.1 M ammonium
acetate buffer (pH 6.2), and 200 pg lysozyme was
added per ml suspension.

550 ml

0,3 E
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-0,2 °)

0

-0,1 °?

E

tz

FIG. 7. Elution profile of muropeptides from a

lysozyme digest of cell walls of L. cellobiosus inhibited
by glycine. Solid line, N-acetylglucosamine; broken
line, free amino groups. For further details see Mate-
rial and Methods.

C-terminal Gly. About 30% of the dimers con-

tain a second mole of N-terminal isoasparagine.
The position of alanine could not be determined
exactly. Since L-Ala-D-Glu and L-Orn-D-Ala are

found, the 0.2 mol of alanine residues per mol of
glutamic acid must be located partly in position
1 and in position 4, as indicated in Fig. 10. In
most dimers the cross-linkage occurs via gly-
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cine, although in the total cell wall this is a

relatively rare case. For unknown reason the
glycine-containing dimers moved a little slower
on the Sephadex column and were predomi-
nantly collected together with the bulk of mono-
mers.

Fraction F3 is obviously a mixture of mono-
mers, since 1 mol of both of C- and N-terminal
amino acids per mol of glutamic acid is found. It
may be composed of tetrapeptides, as depicted
in Fig. lOb and c, since the tripeptides are

predominantly found in the faster-moving frac-

Lysine

0

C4

a,

U

CW

0)

C-

I VIIII'A F3

I'~~"Il~F2

FIG. 8. Scheme of the paper chromatographic sep-

aration of muropeptides of fraction F from the lyso-

zyme lysate.

tions F4 and F5. In addition, C-terminal orni-
thine and N-terminal isoasparagine are present
in equal amounts. However, the occurrence of
tripeptides in fraction F3 cannot completely be
ruled out. The partial acid hydrolysate showed
qualitatively the same peptide pattern as that
of fraction F2, which is compatible with the
structures shown in Fig. lOb and c. Fraction F4
and F5 are mixtures of tri- and tetrapeptides
shown in Fig. lOd, e, f, and g. The lysine-con-
taining tripeptide is obviously the fastest-mov-
ing component since it dominates in F5. The
chromatograms of the partial acid hydrolysates
showed the same peptide pattern as that of F2,
but the aspartic acid-containing peptides and
L-Orn-D-Ala were missing. The analysis of the
muropeptides of the lysozyme lysate is in agree-

ment with the conclusion drawn from the data
of the total cell wall. It proved the occurrence of
glycine in position 1 and 4 of the peptide
subunit and the presence of many monomers

which contain no aspartic acid.
Accumulation and structure of the

precursors. The accumulation of precursors at
the beginning was about the same for all glycine
concentrations, but stopped early in the case of
12% glycine (Fig. 11). The maximal increase of
the precursors in comparison with the control
was only twofold. This is, by comparison with a

10-fold increase in S. aureus (14), a relatively
poor accumulation. After separation by gel
filtration and paper chromatography in two
solvent systems, five UV-absorbing fractions
were obtained. The results of their analyses are

TABLE 3. Molar ratio of amino sugars and amino acids of 4 fractions of the lysozyme lysate of cell walls of L.
cellobiosus grown in the presence of 8% glycinea

Fraction Determinations Mur GIcNH, Glu Ala Gly Lys Orn Asp Remarks

F2b Molar ratio 1.1 0.96 1.0 0.20 1.69 0.05 0.94 0.68 Mixture of
N-terminal - - - - - 0.05 0.33 0.14 dimers
C-terminal - - - - 0.33 - 0.17 -

F 3b Molar ratio 1.1 0.95 1.0 0.40 1.15 0.08 0.86 0.39 Mixture of monomers
N-terminal - - - - - 0.04 0.5 0.39 (tetrapeptides)
C-terminal - - - 0.06 0.55 0.03 0.37 -

F 4b Molar ratio 1.04 0.97 1.0 0.76 0.60 0.21 0.76 - Mixture of monomers
N-terminal - - - - - 0.21 0.71 - (tri- and tetrapep-
C-terminal - - - 0.03 0.34 0.15 0.48 - tides)

F 5b Molar ratio 0.98 0.89 1.0 0.91 0.39 0.61 0.38 - Mixtures of monomers
N-terminal - - - - - 0.56 0.25 - (tri- and tetrapep-
C-terminal - - 0.10 0.16 0.61 0.11 - tides)

a The N- and C-terminal groups are also based on the amount of D-glutamic acid.
b Based on the content of glutamic acid, the following amounts were obtained: F 2, 6.6 ,mol; F 3, 32.8 ,mol; F

4, 28.5 gmol; F 5, 18 umol.

"\N

-, -, R. x -. -, x -, K'K'KTK'K%
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tide precursor UDP-MurNAc-L-Ala- y-D-Glu-L-
Orn-D-Ala (Table 5). Even in non-inhibited
cells only tetrapeptides were found. The UDP-
MurNAc-tetrapeptides may have arisen from
pentapeptides by the action of a DD-carbox-
ypeptidase described by Izaki et al. (16, 17) in
E. coli as carboxypeptidase I. This enzyme
exhibits a high affinity to UDP-activated pre-
cursors but acts only poorly on peptidoglycan.
Another hypothetical possibility for the synthe-

a)
G-M

G-M Gly (- 5. L-AIa)

GIYy(-S . L-Ala) D-Glu-NH2
I 4'

D-Glu-NH2 (-IlOl. L-Lys) L-Orn- NH2(-30/. L-Orn- D-AspNH2)

L-OrnZ 6 D-Asp-NH2-GIY(-10 /. D-Ala)

Gly (33 / of Gly is missing)

FIG. 9. Scheme of a two dimensional paper chro-
matogram of a partial acid hydrolysate ofF 2. For I to
20 see Fig. 5; 21, Gly- y- D-GlU- L-Orn and -y- D-Glu- L-

Orn-Gly.

summarized in Table 4. The two UDP-activated
amino sugars were present in large amounts.
The incomplete precursors UDP-MurNAc-Gly
and UDP-MurNAc-L-Ala were found in small
amounts, whereas the UDP-MurNAc-tetrapep-
tides were the compounds accumulated in larg-
est amount. The C-terminal amino acid of the
tetrapeptides is glycine, whereas position 1 is
taken either by glycine or L-alanine, and in
position 3 L-ornithine is partly replaced by
L-lysine. The partial acid hydrolysate of the
fraction of tetrapeptides yielded L-Ala-D-Glu,
Gly-D-Glu, L-Orn(L-Lys)-Gly, and 'y-D-Glu-L-
Orn(L-Lys), but no L-Orn-D-Ala, Gly-D-Ala, or

D-Ala-Gly. This shows clearly that no pentapep-
tide precursor was present in this fraction.
According to the known mechanism of biosyn-
thesis of peptidoglycan, there has to be a

pentapeptide precursor formed, otherwise no

transpeptidation could take place. We assume

that the concentration of this precursor was too
low to be detected by our procedure.
The occurrence of a tetrapeptide precursor is

quite unusual. So far UDP-MurNAc-tetrapep-
tides were only found by Anwar et al. (1) in
Aerobacter cloacae and by Plapp and Kandler
(25) in L. cello biosus. The latter authors showed
(28) that the normal pentapeptide precursor
also occurs in L. cellobiosus. We tried to demon-
strate the accumulation of the pentapeptide
precursor by penicillin, but we found, besides
small amounts of tripeptide, only the tetrapep-

b)

G-M

Gly 1-34/. L -Al o)

- Glu-NH2
lY

L - Orn (- 8/I. L-Lys)
I

Gly (110 /. D-Ala)

60%1. of F3

d)

G-M

L - Ala (-26 *. Gly)

D-Glu-NH2
4Y

L- Orn)- 16%I. L-Lys)

Gly (-8 *.1 Ala)

37%/. of F4

f)

G-m

L-Ala(-23/. Gly)

D- Glu- NH2

IvL- G.m

Gly (r37%/. D -Ala)

27?/. of F5

C)

G-M

Gly 1 34/1. L -Al a)

D- Glu-NH2
4Y

L- Orn-D-AspNH2
I-8 *1. L- Lys)

40% of F3

e)

G-M

L-Ala('--26/. Gly)

D- Glu-NH2

L-Orn(-241/. L-Lys)

63 /. of FL

g)

G-M
I

L-A to 23*/.Gly)

D-Glu - NH2
4Y

L- Lys(15*h. L-Orn)

73 *. of F5

FIG. 10. Suggested primary structures of the muro-
peptides (a to g) present in the various fractions.
Although the amount of ammonia could not be
exactly determined since the eluates from the paper
chromatograms contained additional free ammonia,
the amides of glutamic acid and aspartic acid are

included in the formula based on the present knowl-
edge of the primary structure of the peptidoglycan of
L. cellobiosus (Fig. 1).
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FIG. 11. Accumulation of N-acetylamino sugars and their derivatives in cells of L. cellobiosus during growth
with and without inhibiting concentrations of glycine.

TABLE 4. Amount and molar ratio of the amino acids of peptidoglycan precursors of L. cellobiosus grown in
10-liters of medium and inhibited by 4% glycinea

C-
Fraction gmol Mur GlcNH, L-Alab Glu Lys Gly Orn terminal Precursors

Gly

I 8.15 + - UDP-GlcNAc
II 14.00 + -- - - UDP-MurNAc

III 0.90 1.0 - - - - 1.0 - - UDP-MurNAc-Gly
IV 0.20 1.0 - 1.0 -- - - - UDP-MurNAc-L-Ala
V 26.00 1.0 - 0.5 1.0 0.15 1.5 0.85 1.0 UDP-MurNAc-Gly(L-Ala)--y-
I_I_I_I_I_II_____I____I__ I__ D-Glu-L-Orn(L-Lys)-Gly

When only one compound is present a cross instead of a number is given.
bD-Alanine was not present.

sis of tetrapeptide precursors is a direct synthe-
sis from tripeptides by adding only one D-ala-
nine or glycine residue instead of the dipeptide.
However, such a reaction is not described so far.
The inhibition of peptidoglycan synthesis in L.
cellobiosus by glycine is most likely related to
the replacement of D-alanine by glycine, leading
to the accumulation of tetrapeptides with C-ter-
minal glycine, which may be incorporated into
the peptidoglycan either after or before substi-
tution with aspartic acid. This would result in a
low rate of cross-linkage and therefore in a less
rigid cell wall.

Effect of glycine on the m-Dpm-direct type
of peptidoglycan. Strains with very different
sensitivity toward glycine (Table 1) were used
to study the effect of glycine on peptidoglycan of
the meso-Dpm-direct type. The results of the
determination of the amino acid composition of
cell walls from normally grown and inhibited
cells are summarized in Table 6. The amount of
glycine incorporated per mole of glutamic acid

varies between 0.15 in the most sensitive orga-
nism (B. subtilis) and 0.73 in L. plantarum. The
molar ratio of D-alanine is decreased in all
strains, whereas that of L-alanine is signifi-
cantly lower only in L. plantarum. Correspond-
ingly, only in the partial acid hydrolysate of cell
walls of L. plantarum significant amounts of the
peptides Mur-Gly and Gly-D-Glu were found
(Fig. 12), whereas meso-Dpm-Gly was found in
the partial acid hydrolysate of all strains.
Although most of the glycine residues replac-

ing D-alanine residues are C-terminal, some
glycine residues are involved in cross-linkages.
This is directly shown by the occurrence of the
peptide Gly-meso-Dpm in the partial acid hy-
drolysate. It also follows from the fact that not
all of the glycine residues which replace D-ala-
nine residues are C-terminal.

Peptidoglycan precursors were isolated and
analyzed from three strains (Table 7). The
difference between L. plantarum and the other
organisms is again evident. In Corynebacterium
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TABLE 5. Molar ratio of amino acids ofpeptidoglycan precursors of penicillin (0.5 U/ml) inhibited cells of
L. cellobiosus

C-
Fraction Mur Ala Glu Orn terminal Precursors

Ala

I 1.1 1.34 1.00 0.95 - UDP-MurNAc-L-Ala--y-D-Glu-L-Orn
II 1.2 1.96 1.00 0.96 1.0 UDP-MurNAc-L-Ala--y-D-Glu-L-Orn-D-Ala

sp. and B. subtilis very little UDP-MurNAc,
but 12 or 23 times more UDP-MurNAc-pen-
tapeptide, was found. All the glycine residues
were located in position 4 and 5. The structures
of the precursors given in Fig. 13 are compatible
with the data in Table 7, as well as with the
peptide pattern found in the partial acid hy-
drolysates. Since neither D-Ala-D-Ala nor Gly-
Gly could be detected (the position of both
dipeptides on the chromatogram is well known),
the terminal D-Ala-D-Ala is completely replaced
by the mixed dipeptides Gly-D-Ala and D-Ala-
Gly, both present in the partial acid hydroly-
sate. Only traces of Gly-D-Glu were seen. There-
fore, trace amounts of a third species of precur-
sor containing a glycine residue in position 1
may be present in the mixture of pentapeptides.
Also in the total cell walls only traces of
L-alanine are replaced by glycine. The "L-ala-
nine-adding" enzyme seems in vivo not to be
significantly inhibited by glycine, since no accu-
mulation of UDP-MurNAc occurs and almost
no L-alanine residues are replaced by glycine
residues. The harmful action of glycine should,
therefore, be the formation of modified UDP-
MurNAc-pentapeptides containing glycine in
position 4 or 5. They are incorporated into the
peptidoglycan, but the peptide subunits con-
taining glycine are less cross-linked as indicated
by the predominant occurrence of glycine on the
C-terminus. This is most likely also true for C.
callunae. In contrast to the two organisms
mentioned before, UDP-MurNAc and UDP-
MurNAc-Gly are accumulated in L. plantarum.
Also UDP-MurNAc-tripeptides are found. Most
of them contain glycine residues, and only ¼,4
contain L-alanine residues. The accumulation of
UDP-MurNAc indicates an inhibition of the
L-alanine-adding enzyme as known for S.
aureus (38). No UDP-MurNAc-pentapeptide
could be found. Instead, UDP-MurNAc-tet-
rapeptides were accumulated as in L.
cellobiosus. Most of them contain glycine resi-
dues in position 1 or 4, or both. The peptides
found in the partial acid hydrolysate of the
UDP-MurNAc-tetrapeptides were in agreement
with the structure shown in Fig. 13b. Gly-D-Glu
and Mur-Gly were much more pronounced than

in the UDP-MurNAc-pentapeptides of Coryne-
bacterium sp., whereas Gly-D-Ala and D-Ala-
Gly were missing. Again, one has to assume
that UDP-MurNAc-pentapeptides of normal
structure also have to be formed, since the
peptidoglycan of the inhibited sample shows
30% cross-linkage. The pool of such precursors is
probably too small to be detected by our
methods. The origin of the UDP-MurNAc-tet-
rapeptides may be the same as already dis-
cussed in the case of L. cellobiosus.

Effect of glycine on 2, 4-diaminobutyric
acid containing peptidoglycan of group B. In
most peptidoglycans of group B the position 1 of
the peptide subunits is occupied by a glycine
residue (Fig. 1). Therefore, glycine should have
no inhibitory effect if the inhibition of the
L-alanine-adding enzyme is the main site of
action. Nevertheless, organisms containing this
type of peptidoglycan are very sensitive to
glycine. Among 11 strains tested, the most
resistant strain (C. mediolanum) was com-
pletely inhibited by 1.25% glycine, and the most
sensitive strain (C. insidiosum) showed com-
plete inhibition by 0.8% glycine. The effect of
glycine on the primary structure of the peptido-
glycan was studied in these two extreme cases.
Table 8 shows the molar ratio of the amino acids
and of the C- and N-terminal residues of control
and inhibited samples. Although the peptido-
glycans of the two strains belong to the same
type, they differ in some details.

In C. insidiosum, the y-amino group of the
diaminobutyric acid of the peptide subunit, is
acetylated, whereas it is free in C. mediolanum
(7). Moreover, there are differences in the
amount of D-alanine and, consequently, in the
degree of cross-linkage. The effect of glycine is
also different. In C. insidiosum the glycine
content of the peptidoglycan in the inhibited
sample is increased, whereas it is unchanged in
C. mediolanum. Although no additional glycine
is found in the peptidoglycan of the inhibited
cells of C. mediolanum, the degree of cross-link-
age is significantly lower.
The calculation of the degree of cross-linkage

in the peptidoglycans of group B is not quite as
simple as in case of group A, but also here we
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FIG. 12. Scheme of a paper chromatogram of a

partial acid hydrolysate of walls of glycine inhibited
cells of L. plantarum. 1, meso-Dpm; 2, Glu; 3, Gly; 4,
Ala; 5, Mur; 6, GlcNH2; 7, Mur- L-Ala; 8, Mur-Gly; 9,
L-Ala-D-Glu; 10, Gly-D-Glu; 11, meso-Dpm-D-Ala;
12, D-Ala-meso-Dpm; 13, meso-Dpm-Gly and Gly-
meso-Dpm; 14, D-Glu-meso-Dpm- D-Ala; 15, L-Ala-
D-Glu-meso-Dpm.

can use the data given in Table 8 to calculate
the cross-linkages either on the basis of the
amount of the C-terminal or of the N-terminal
residues.

Calculation based on the C-terminal
residues. All the diaminobutyric acid bound to
the a-carboxyl group of D-glutamic acid should
be C-terminal (Fig. 1). Therefore the amount of
C-terminal diaminobutyric acid exceeding 1.0 is
due to the L-diaminobutyric acid located within
the peptide subunit. In case of the control
sample of C. mediolanum, the amount of 0.27
mol of C-terminal L-diaminobutyric acid agrees
well with the lack of 0.27 mol of D-alanine. We
can, therefore, assume that 73% of the peptide
subunits of the peptidoglycan are tetrapeptides,
whereas 27% are tripeptides. Pentapeptides are

not present. This was shown by chromato-
graphic analysis of the peptide pattern of a

partial acid hydrolysate. Pentapeptides would
give rise to D-Ala-D-Ala. No trace of this peptide
could be detected. Since 0.03 mol of D-alanine
per mol of glutamic acid are found to be
C-terminal, about 3% of the tetrapeptide sub-
units are not cross-linked. The degree of cross-

linkage is then 70%. This calculation is based on

a molar ratio of 2.0 mol of diaminobutyric acid
per mol of glutamic acid, whereas only 1.88 mol
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was found. We assume, that most of the differ-
ence is due to the methodical error of the amino
acid analysis. It may be, however, that some of
the D-diaminobutyric acid residues are actually
missing. In this case not all of the a-carboxyl
groups of the D-glutamic acid residues are
substituted. Consequently, the degree of cross-
linkage would be somewhat lower, but then
higher values for the amount of C-terminal
residues should have been found. Taking into

a)
UDP-MurNAc

I
L-Ala(traces of Gly1

I
D-Glu

4Y
m-Dpm

I
D-Ala

I
Gly

43 l/.
79 .'. x

UDP-MurNAc
I
Gly (501.L-Ala)

D-Glu
IY

m-Dpm

Gly

80

UDP-MurNAc
l

L- Ala (traces of Gly)
4,

D- Glu

m-Dpm

Gly

D-Ala

57 e/x
21 I xx

UDP-MurNAc

Gly(50*/ L-Ala)
4,

D- Glu
4,Y

m-Dpm

D-Ala

20 eI

FIG. 13. Proposed structure and proportion of the
UDP-MurNAc-pentapeptide precursors (a) of Cory-
nebacterium sp. and B. subtilis cells and of the
UDP-MurNAc-tetrapeptide precursors (b) of L. plan-
tarum cells inhibited by glycine. x, Figures for
Corynebacterium sp.; x x, figures for B. subtilis.

account a methodical error of the determination
of C-terminal residues of about 10%, the agree-
ment is reasonable.
Calculation based on the N-terminal

residues. All the L-diaminobutyric acid resi-
dues of the interpeptide bridge are N-terminal
since the peptidoglycan of C. mediolanum is not
acetylated (7). The presence of 1.26 mol of
N-terminal total diaminobutyric acid indicates,
therefore, that 0.26 mol of D-diaminobutyric
acid residues are N-terminal and not cross-
linked. A degree of 74% of cross-linkage would
be the maximal value. It becomes somewhat
lower if we assume that less than 1.0 mol of
D-diaminobutyric acid is present as mentione'd
above. Considering both ways of calculation, we
may suppose a degree of cross-linkage of about
70% in the control sample of C. mediolanum. 'in
case of C. insidiosum we have to consider the
acetylation of the y-amino group of the&iL-
diaminobutyric acid residues of the peptidd
subunit. The number of the N-terminal diami-
nobutyric acid directly gives, therefore, the
amount of uncross-linked interpeptide bridges.
Analogous calculations in case of the inhib-

ited cells of C. mediolanum show that the
portion of tripeptide subunits is highly in-
creased, whereas the portion of uncross-linked
tetrapeptides is unchanged. The increase in
tripeptide subunits accounts completely for the
decrease of cross-linking by about 40%.
The situation is different in C. insidiosum.

Here the control sample contains about 10% of
tripeptide subunits, while the degree of cross-
linking is only 50% as shown by the N-terminal
Dab. Pentapeptides are absent, since no D-Ala-
D-Ala could be found in the partial acid hydrol-
ysate. In the inhibited sample 0.4 mol of addi-
tional glycine was found. In contrast to C.
mediolanum, no decrease, but an increase of
D-alanine, is observed. The sum of D-alanine
and additional glycine' is 1.48. This means that

TABLE 8. Molar ratio of amino acids, amino sugars, and C- and N-terminal residues in the peptidoglycan of
normal and glycine-inhibited cells of C. mediolanum and C. insidiosum

Molar ratio C-terminal N-terminal

Organism Type Cross-
Mur GlcNH, D-Ala Glu Dab Gly Dab Ala Gly Dab linkage

C. mediolanum Control 1.03 2.5 0.73 1.0 1.88 1.05 1.27 0.03 - 1.26 70
+ 1% 0.90 1.8 0.46 1.0 2.04 1.04 1.55 0.03 - 1.59 42
Glycine

C. insidiosum Control 0.90 1.46 0.90 1.0 1.92 1.00 1.14 0.34 - 0.49 50
+ 0.3% 0.98 0.94 1.07 1.0 2.02 1.41 1.00 0.29 0.39 0.70 30
Glycine

b)
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no tripeptides, but about 50% tetra- and 50%
pentapeptide subunits, are present. The ab-
sence of tripeptides is supported by the fact that
only 1.0 mol of C-terminal diaminobutyric acid
was found, as it is to be expected if only the
D-diaminobutyric acid residues of the interpep-
tide bridge are C-terminal. The presence of
pentapeptides is proven by the occurrence of the
peptide D-Ala-Gly and small amounts of D-Ala-
D-Ala in the partial acid hydrolysate. The
peptide Gly-D-Ala was absent, however. To-
gether with the fact that practically all addi-
tional glycine is C-terminal, we can assume that
in the peptidoglycan of the inhibited cells about
50% of the peptide subunits are pentapeptides,
carrying either D-Ala-Gly (40%) or D-Ala-D-Ala
(10%), whereas the other 50% are tetrapeptides
which are either cross-linked (30%) or C-termi-
nal (20%).
Peptidoglycan precursors from glycine-in-

hibited cells of C. mediolanum. The peptido-
glycan precursors were extracted by trichloroa-
cetic acid from glycine-inhibited cells of C.
mediolanum. After separation on a Sephadex
column and twofold paper chromatography, five
fractions containing nucleotide-activated pre-
cursors were found. Fraction 1 contained UDP-
GlcNAc, whereas UDP-MurNAc was not de-
tected (Table 9). Fractions LI and III contained
UDP-MurNAc-mono- and tripeptides, fractions
IV and V contained UDP-MurNAc-pentapep-
tides. Fraction IV is a mixture of 90% UDP-
MurNAc-Gly-'y-D-Glu-L-Dab-Gly-D-Ala and
about 10% UDP-MurNAc-Gly-y-D-Glu-L-Dab-
D-Ala-Gly, since only 0.11 mol of glycine, but
0.89 mol of alanine, are C-terminal. The peptide
pattern of the partial acid hydrolysate agreed
with this proposed structure. Among others,
the peptides Gly-D-Ala and D-Ala-Gly were
found, but no D-Ala-D-Ala. In the hydrolysate of
fraction V, however, mainly D-Ala-D-Ala and
only little of D-Ala-Gly and Gly-D-Ala are pres-
ent. This fraction, therefore, contains mainly
the normal precursor UDP-MurNAc-Gly-y-D-
Glu-L-Dab-D-Ala-D-Ala and only some of the
modified precursors of fraction IV. The dinitro-
phenylation of the pentapaptide fraction yielded
1.0 mol of 'N-DNP-L-Dab. Therefore, the L-di-
aminobutyric acid is not acetylated, in contrast
to the precursor of C. insidiosum investigated
by Perkins (24). This is also in accordance with
the finding that the peptidoglycan of C. medio-
lanum is not acetylated. The experiments show
that glycine is incorporated mainly in position 4
of the precursors, although no additional glycine
is found in the peptidoglycan.
Peptidoglycan precursors from glycine-in-

hibited cells of C. insidiosum. The peptidogly-
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can precursors were extracted by hot water from
the glycine-inhibited cells prior to the prepara-
tion of cell walls. The separation on a Sephadex
column followed by twofold paper chromatogra-
phy yielded six fractions of different chemical
composition (Table 9). The first fraction con-
tained UDP-GlcNAc, whereas UDP-MurNAc
was not found. Fractions II to IV contained
incomplete precursors; fraction V contained the
normal UDP-MurNAc-pentapeptide. The frac-
tion IV was a mixture of about 50% normal
UDP-MurNAc-pentapeptide and 50% UDP-
MurNAc-Gly-'y-D-Glu-L-Dab-D-Ala-Gly. In
agreement with the finding of Perkins (24), this
precursor was not susceptible to dinitrophenyla-
tion, indicating that the y-amino group of
L-diaminobutyric acid is substituted (probably
acetylated). Since practically all of the glycine
exceeding 1.0 mol/mol of glutamic acid is C-ter-
minal, the additional glycine can occur only in
position 5 of the precursor. This is in agreement
with the peptide pattern of the partial acid
hydrolysate. Besides the usual peptides, occur-
ing in partial acid hydrolysates of walls of
non-inhibited cells, only D-Ala-D-Ala and D-Ala-
Gly were found, but no Gly-D-Ala. Unlike C.
mediolanum where glycine enters predomi-
nantly position 4, in C. insidiosum only the
D-alanine in position 5 is replaced by glycine.
The modified precursor is not significantly ac-
cumulated and is obviously used up by the
translocase and polymerase reactions since the
peptidoglycan contains a relatively high
amount of C-terminal glycine in position 5.

Effect of glycine on S. aureus. The orga-
nisms described previously accumulated pre-
cursors which contain glycine not only in posi-
tion 1 but also in position 4 or 5 (or both). In S.
aureus only precursors containing glycine in
position 1 were reported (38). Therefore we
reinvestigated this organism to be sure that it
actually differs from the other organisms stud-
ied. A comparison of the amino acid composi-
tion and the content of N- and C-terminal
residues of normal and inhibited cells (3%
glycine) is given in Table 10. The control
sample shows the typical molar ratio of amino
acids and amino sugars. The high amount of
glycine corresponds to an interpeptide bridge
consisting of penta- or hexaglycine. About 20%
of the peptide subunits are pentapeptides, indi-
cated by the extent by which D-alanine exceeds
a molar ratio of 1.0 and by the corresponding
amount of C-terminal alanine. The 0.05 mol of
C-terminal glycine probably resulted from the
action of autolytic endopeptidases on interpep-
tide bridges before the cells were killed, and
should not be used for the calculation of the

extent of cross-linkage. The small amount of
N-terminal L-alanine may also have arisen from
the action of autolytic enzymes (40). It is also
possible that small amounts of L-alanine are
bound, instead of the pentaglycine, to the
E-amino group of lysine. As shown by Schleifer
et al. (K. H. Schleifer, J. Gen. Microbiol.
57:XIV, 1969; 34), such a replacement of pen-
taglycine by L-alanine occurs frequently in
staphylococci. Since this modified interpeptide
bridge is not cross-linked, some N-terminal
L-alanine is found. As a consequence of this
second possibility, the molar ratio of L-alanine
should increase above 1.0, and the peptide
N6-L-Ala-L-Lys should occur in the partial acid
hydrolysate. Neither of the two consequences
could be found. Therefore, the second possibil-
ity seems most unlikely.
The amount of N-terminal glycine was deter-

mined only by the direct determination of
DNP-glycine in the hydrolysate of dinitro-
phenylated cell walls. The determination by the
difference between the glycine content of nor-
mal and dinitrophenylated cell walls was not
suitable in case of S. aureus because of the large
error of the difference due to the extremely high
total amount of glycine. Some of the 0.21 mol of
DNP-glycine may have arisen from the action of
autolytic enzymes on interpeptide bridges anal-
ogous to the C-terminal glycine, but the main
portion results probably from uncross-linked
interpeptide bridges. Considering the amount of
C- and N-terminal residues, the degree of cross-
linkage is about 80%. The amino acid composi-
tion of the peptidoglycan of the inhibited sam-
ple is only slightly different. L-Alanine is de-
creased by about 20%; D-alanine is decreased by
about 10%. Glycine is slightly increased. The
increase of C- and N-terminal glycine is much
more pronounced. Some C-terminal L-lysine is
also present which was not found in the control
sample. From the amounts of C- and N-termi-
nal residues, a degree of cross-linkage of about
50% is calculated. This means a decrease of
.38%, compared to the 80% cross-linkage in the
control.
The analysis of the peptide pattern of the

partial acid hydrolysate of the cell walls of
normal and inhibited cells (Fig. 14) showed that
the following peptides appear in the inhibited
sample in addition to the peptides of the
control: Gly-D-Glu (small amounts), L-Lys-Gly,
N6-Gly-L-Lys-Gly, and Gly-D-Ala. This demon-
strates that glycine replaces L-alanine at posi-
tion 1 and D-alanine at position 4 of the peptide
subunit.

If glycine residues occur also in position 5, the
peptide D-Ala-Gly would arise during hydrol-
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ysis. This peptide arises, however, also from the
normally cross-linked peptide subunit. Its pres-
ence in the partial acid hydrolysate is, there-
fore, no evidence for peptide subunits with
D-Ala-Gly at the C-terminal end. We can calcu-
late the distribution of the various types of
peptide subunits in the inhibited cells from the
data in Table 10 if we assume that the same
amount of C-terminal glycine has arisen from
autolytic processes as in the control sample and

Isopropanol /Acetic acid /H20
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FIG. 14. Scheme of a paper chromatogram of a

partial acid hydrolysate of walls of inhibited cells of S.
aureus. 1, Lys; 2, Glu; 3, Gly; 4, Ala; 5, Mur; 6,
GlcNH2; 7, Mur-L-Ala; 8, D-Ala-D-Ala; 9, L-Ala-D-
Glu; 10, ly-D-Glu-L-Lys; 11, N6-Gly-L-Lys; 12, L-Lys-
D-Ala; 13, Gly-Gly-Gly; 14, N6-Gly-L-Lys-D-Ala; 15,
Gly-Gly (in previous papers [36, 37] a lower R, value
than that of Gly in a-picoline was observed; in
recently obtained batches of a-picoline it moves faster
than Gly); 16, D-Ala-Gly; 17, Gly-D-Ala; 18, N6-Gly-
L-Lys-Gly; 19, L-Lys-Gly; 20, Gly-D-Glu; no. 17to 20
were not detected in normally grown cells.

that no glycine residues at position 4 are in-
volved in cross-linkage. Then we find that 50%
tetrapeptide subunits with D-alanine or Gly
residues in position 4 are involved in cross-link-
age, whereas 6% tripeptide, 13% pentapeptide
subunits with Gly-D-Ala or D-Ala-D-Ala, and
30% with D-Ala-Gly are uncross-linked.

Peptidoglycan precursors from glycine-in-
hibited cells of S. aureus. During logarithmic
growth, 3.75% glycine was added. The cells were
harvested after 3 h of further incubation (inhibi-
tion of the growth rate about 25%), and the
precursors were extracted and separated. Three
fractions of precursors were found. Fraction 1
contained UDP-MurNAc, fraction 2 contained
a mixture of about 20% UDP-MurNAc-L-Ala-y-
D-Glu-L-Lys and 80% MurNAc-Gly-y-D-Glu-
L-Lys (the sequence was proved by partial acid
hydrolysis), and fraction 3 was a mixture of
UDP-MurNAc-pentapeptides (Table 11). From
the analysis of the peptide pattern of the partial
acid hydrolysate (Fig. 15) and the data of Table
11, the structure shown in Fig. 16 can be
deduced.
The precursor UDP- MurNAc-Gly-y-D-Glu-

L-Lys-D-Ala-D-Ala reported by Strominger and
Birge (38) could not be found. The chromato-
gram of the hydrolysate showed no trace of
D-Ala-D-Ala which should arise on partial hy-
drolysis of such a precursor. This does not
mean, however, that no normal UDP-MurNAc-
pentapeptide was present at all. Its concentra-
tion is most likely under the limit of detection
by our method. It could not be determined
whether glycine at position 1 is preferentially
combined with one of the two precursors of Fig.
16 or if it is statistically distributed among the
two types of precursors. Statistically about
every third precursor should carry L-Ala instead
of glycine.
The high percentage of glycine in position 1 of

the precursor is in contrast to the relative low
percentage of glycine in the peptide subunits of
the peptidoglycan. It shows that this kind of
precursor is much more discriminated by the

TABLE 10. Molar ratio of amino acids, amino sugars, and C- and N-terminal residues in the peptidoglycan of
normal and glycine-inhibited cells of S. aureus

Cross-
Type Determination Mur GlcNH2 Ala Glu Lys Gly L-Ala D-Ala linkage

(%)
Control Molar ratio 1.01 2.10 2.2 1.0 1.0 5.2 1.02 1.18

C-terminal - - 0.19 - - 0.05 - 0.19 80
N-terminal - - 0.05 - - 0.21 0.05 -

3% Glycine Molar ratio 1.32 2.26 1.87 1.0 1.0 5.39 0.83 1.04
C-terminal - - 0.13 - 0.06 0.36 - 0.13 50
N-terminal 0.06 0.08 0.4 0.06 -
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FIG. 15. Scheme of a
partial acid hydrolysate
tapeptide fraction of S.
numbers see Fig. 14.

UDP-MurNAc

Gly (34 / L-Ala)

D-Glu

1-Y
L - Lys

Gly

D -Ala

65%

20

2

D3
~16

07stos
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paper chromatogram of a
of the UDP-MurNAc-pen-
aureus. For explanation of

UDP-MurNAc

I
Gly (341 / L-Ala

D - Glu
IY

L - Lys

D-Ala

Gly

3 5 0/*

FIG. 16. Proposed structure and proportion of the
UDP-MurNAc-pentapeptide precursors of S. aureus
cells inhibited with glycine.

final steps of peptidoglycan synthesis than is
the precursor containing glycine in position 5.
Reversal of transpeptidase reaction by

glycine. As found by Izaki et al. (16), the
transpeptidase reaction can be reversed by
D-amino acids and by glycine in particulate
enzyme fractions of E. coli. If this occurs also in
vivo, glycine should appear in position 5 of the
peptide subunits when cells are incubated with
glycine. To test this possibility we had to apply
an organism which does not contain a DD-car-
boxypeptidase, otherwise the glycine incorpo-
rated by the reverted transpeptidation would be
split off. Therefore, we used L. acidophilus (63

VOL. 116, 1973 1047
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Gasser) that contains no DD-carboxypeptidase,
as shown by Coyette and Ghuysen (3, 4).
At first the sensitivity against glycine was

tested during the growth period. The lowest
concentration causing significant inhibition was
0.3%, whereas at 2% no growth occurred. To test
the uptake of glycine in the peptidoglycan by
reversal of transpeptidation, cells from the log
and early stationary phase were harvested,
suspended in 0.1 M phosphate buffer (pH 6.3),
and incubated at 37 C for 12 h with and without
7.5% glycine. About 5% of the control cells were
lysed; the other cells showed no morphological
changes. Most of the glycine-treated cells were
optically less dense; about 20% were unchanged.
The cells were centrifuged and disintegrated for
cell wall preparation. The molar ratios of the
amino acids of the cell walls were identical to
the control. No glycine was incorporated into
the peptidoglycan.

This negative result may not be significant
since the experiment was not carried out under
growth conditions. However, the addition of
glycine during growth would not allow one to
distinguish between the incorporation of glycine
during synthesis on one hand and that resulting
from reversal of transpeptidation on the other
hand. Similarly the explanation of the experi-
ments of Izaki et al. (16) mentioned above is not
unequivocally correct, since Pollock et al. (29)
have shown that the N-terminus of peptide
subunit or interpeptide bridge is a good accep-
tor for the transpeptidase reaction so is a free
D-amino acid or glycine. Therefore, the replace-
ment of D-alanine at position 5 of the peptide
subunit by glycine does not require an interme-
diary cross-linkage.

DISCUSSION
The investigations have shown that glycine

interferes with several steps of peptidoglycan
synthesis. The contribution of the diverse sites
of glycine action to the final inhibition varies in
different organisms, thus nearly each organism
tested shows another spectrum of changes
caused by glycine. Table 12 presents a survey of
the observed changes in the peptidoglycan and
the precursors, respectively, and the presumed
inhibitions of particular steps of biosynthesis.
The only features of the glycine inhibition
common to all species is a decrease (20 to 40%)
in the extent of cross-linking of the peptidogly-
can and the synthesis of modified UDP-
activated precursors in which alanine residues
are partly replaced by glycine residues. Which
one of the three alanine residues becomes re-
placed and by what mechanism the poorer
cross-linkage is caused varies. The replace-

ment of L-alanine residues (38) and the inhibi-
tion of the L-alanine-adding enzyme (15) is only
one of several possibilities. As a matter of fact,
glycine may act as an analogue either of L-ala-
nine or of D-alanine. One can divide the eight
organisms investigated into three major groups
according to the extent to which glycine acts
as a L-alanine analogue. (i) The replacement
of L-alanine residues by glycine does not occur
at all in organisms which contain peptidoglycan
of group B, since this peptidoglycan does not
contain L-alanine but glvcine residues in posi-
tion 1 of the peptide subunit (Fig. 1) (C. insidio-
sum, C. mediolanum). (ii) In Corynebacterium
sp., C. callunae, and B. subtilis, only trace
amounts of L-alanine residues are replaced by
glycine. UDP-MurNAc is not accumulated as
would be expected if the L-alanine-adding en-
zyme were inhibited significantly. Replacement
of L-alanine is insignificant or at most of minor
importance for growth inhibition. (iii) In L. plan-
tarum, L. cellobiosus, and S. aureus, L-alanine
residues are replaced by glycine to a significant
extent and UDP-MurNAc is accumulated. But
even in these organisms the decrease of cross-
linkage is probably caused by the replacement
of D-alanine residues, although the limitation of
synthesis of precursors by the inhibition of the
L-alanine-adding enzyme may contribute signif-
icantly to the growth inhibition by glycine.
The two organisms of the first group show

different sites of glycine action, although the
inhibition of growth by affecting peptidoglycan
synthesis can be caused only by the replace-
ment of D-alanine residues in both species. The
peptidoglycan of the inhibited cells of C.
insidiosum contains additional glycine residues
located in position 5 of the peptide subunit,
whereas no additional glycine is found in case of
C. mediolanum. The accumulated UDP-Mur-
NAc-pentapeptides of C. insidiosurm contain
additional glycine as in the peptidoglycan ex-
clusively in position 5, whereas most of the
glycine is localized in position 4 in C.
mediolanum (Table 12). Based on such data, we
can suggest which steps of the biosynthesis of
the peptidoglycan are affected in vivo during
the exposure of cells to glycine. The effect of
glycine on the first steps of the incorporation of
D-alanine, i.e., the formation of D-Ala-D-Ala and
its incorporation into the precursor, can not be
distinguished. Since no Gly-D-Ala was found in
the accumulated precursors of C. insidiosum
this peptide is either not formed at all or it is
completely discriminated by the D-Ala-D-Ala-
adding enzyme. On the other hand, D-Ala-Gly is
very readily formed and incorporated. In C.
mediolanum Gly-D-Ala is most easily formed
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and incorporated, whereas D-Ala-Gly is strong-
ly, but not completely, discriminated.

Studies on the substrate specificity of the
enzyme involved in these reactions were carried
out by Neuhaus (21) and Neuhaus and Struve
(22) in S. faecalis. They found that the D-Ala-D-
Ala synthetase catalyzed only the formation of
D-Ala-Gly and not of Gly-D-Ala, but that nei-
ther D-Ala-Gly nor Gly-D-Ala were utilized in
vitro by the D-Ala-D-Ala-adding enzyme. There-
fore, the foritation of UDP-MurNAc-pentapep-
tides containing glycine in position 4 or 5 would
be very unlikely, and an accumulation of UDP-
MurNAc-tripeptide should be expected. The
different results of our in vivo experiments
indicate that the substrate specificity of the two
enzymes is different from that of S. faecalis in
both organisms studied.
The occurrence of Gly in position 4 of the

peptide subunit in all tested bacteria but one
and the fact that the distribution of D-Ala and
Gly within positions 4 and 5 is variable lead us
to suggest that there are different specificities in
the enzymes involved in D-Ala incorporation
among the various bacteria.
The next group of reactions which can be

judged only as a whole includes the transloca-
tion of the precursor to the lipid carrier, its
completion by adding N-acetylglucosamine and
the interpeptide bridge, and its polymerisation
to peptidoglycan. The pentapeptide precursors
containing C-terminal glycine residues are only
slightly discriminated against the normal ones
in case of C. insidiosum, since the amount of
glycine in position 5 within the peptidoglycan is
only slightly lower than that in the isolated
mixture of UDP-MurNAc-pentapeptides. There
may be even no discrimination at all if some of
the incorporated modified pentapeptides have
undergone transpeptidation through which the
C-terminal glycine is lost. The majority of the
modified pentapeptides are not cross-linked,
however, thus leading to a lower degree of
cross-linkage in the peptidoglycan.

In case of C. mediolanum, none of the modi-
fied precursors containing a glycine residue in
position 4 is found in the peptidoglycan. The
main difference between the peptidoglycan of
the control and the inhibited sample is the
increased amount of tripeptide subunits in the
latter. There are two possibilities for the forma-
tion of an increased amount of tripeptide sub-
units. The first possibility is that the accumu-
lated modified precursors are broken down to
UDP-MurNAc-tripeptides by carboxypepti-
dases which exhibit a high affinity to UDP-
activated precursors similar to the ones found in

E. coli (17). These tripeptides may then become
incorporated into the peptidoglycan. An incor-
poration of UDP-MurNAc-tripeptides was ob-
served in a cell-free preparation of E. coli (16),
however, at a much lower rate (10 to 15%)
compared to the incorporation of the corre-
sponding pentapeptides. Under the conditions
of glycine inhibition, when the concentration of
the normal UDP-MurNAc-pentapeptide is low
and modified pentapeptide precursors are accu-
mulated, the incorporation of tripeptides may
be favored, however. Since tripeptide subunits
can not undergo transpeptidation, the degree of
cross-linkage is limited by the extent of incorpo-
ration of incomplete precursors. The second
possibility is that the glycine-containing pen-
tapeptide precursors are incorporated, but then
completely discriminated during transpeptida-
tion and subsequently degraded to tripeptide
subunits by carboxypeptidases. This seems un-
likely, however, since it was shown (19) that, at
least in the case of Streptomyces albus, carbox-
ypeptidase and transpeptidase exhibit the same
substrate specifity. Therefore, the modified pre-
cursors should be discriminated by both proc-
esses. Little can be said about the fate of the
pentapeptide precursor which contains C-ter-
minal glycine. It may be discriminated during
the peptidoglycan synthesis or it may be incor-
porated and then undergo transpeptidation,
losing its C-terminal glycine residue.
The comparison of the effect of glycine on the

two strains shows that the most severe limita-
tion for the cross-linkage is in case of C.
insidiosum for inhibition of transpeptidation by
pentapeptide subunits containing C-terminal
glycine, whereas in case of C. mediolanum the
incorporation of UDP-MurNAc-tripeptides
most likely derived from precursors containing
glycine at position 4 or 5. The inhibition of
transpeptidation in the latter case is only in-
direct.
The organisms of the second group are char-

acterized by the incorporation of glycine mainly
in position 4 of the peptide subunit in the
peptidoglycan, whereas no significant amount
of L-alanine at position 1 is replaced by glycine.
Here the UDP-MurNAc-pentapeptides which
contain glycine in position 4 are not, or are not
strongly, discriminated against the normal ones
from incorporation into the peptidoglycan.
They are, however, at least partly excluded
from transpeptidation since most of the glycine
in the peptidoglycan is C-terminal. A minor
portion is involved in cross-linkage as indicated
by the occurrence of the peptide Gly-m-Dpm in
the partial acid hydrolysates. UDP-MurNAc-
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pentapeptides containing glycine in position 5
may be incorporated, but then the glycine is lost
during transpeptidation or by the action of
carboxypeptidase.
The two organisms of group 2 investigated in

more detail react very similar. The only distinc-
tion concerns the different proportion of incor-
poration of Gly-D-Ala (predominant in B.
subtilis) and D-Ala-Gly (predominant in
Corynebacterium sp.) As shown by Hishinuma
et al. (15), the L-alanine-adding enzyme of B.
subtilis is inhibited in vitro by glycine. They
assumed that this may be at least partly the
reason for the growth inhibition by glycine. Our
in vivo experiments, however, indicate only a
weak competition between L-alanine and gly-
cine which does not contribute significantly to
the growth inhibition. The latter is brought
about by the stronger effect of the D-alanine
replacement by Gly. The "no" in the line
"inhibition of L-alanine adding enzyme" of
Table 12 is, therefore, not in contradiction to
the finding of Hishinuma et al. (15). It means,
however, that this reaction step is not decisive
in growth inhibition in vivo.

In all three organisms of group 3, an inhibi-
tion of the L-alanine-adding enzyme is also
indicated in vivo, since UDP-MurNAc is found
in large amounts and precursors containing
glycine residues in position 1 are formed. The
extent to which they are incorporated into the
peptidoglycan differs among the three species.
In S. aureus the amount of glycine in position 1
of the peptide subunit of the peptidoglycan is
much lower than it is in the accumulated
mixture of precursors, whereas it is about equal
in case of the two lactobacilli. This indicates a
discrimination against these precursors during
the incorporation into peptidoglycan in S.
aureus, whereas there is no such discrimination
in the lactobacilli.
The competition between glycine and D-ala-

nine leads in S. aureus to the accumulation of
UDP-MurNAc-pentapeptides which contain
either Gly-D-Ala or D-Ala-Gly at the C-terminus
of the peptide subunit. The normal precursor
containing D-Ala-D-Ala is probably present in
undetectable amounts only. The UDP-Mur-
NAc-pentapeptides which contain glycine in
position 4 must be more strongly discriminated
against than the normal ones in incorporation,
since in the peptidoglycan more glycine is found
in position 5 than in position 4.
The large amount of C-terminal glycine, com-

pared to the small amount of C-terminal D-ala-
nine in the peptidoglycan of the inhibited
sample, shows that the peptide subunits with

C-terminal glycine are poorly used for transpep-
tidation. We consider this the main reason for
the decrease of the degree of cross-linkage. The
origin of 6% tripeptide subunits, which also
contribute to the lower degree of cross-linkage
in the inhibited sample, is unknown. They may
be directly incorporated from UDP-MurNAc-
tripeptides found in the cell extract in small
amounts or they may have arisen by the action
of carboxypeptidases on uncross-linked pen-
tapeptide subunits of the peptidoglycan. The
latter seems very unlikely, since S. aureus most
likely contains none of these enzymes. The
uncross-linked pentapeptides are not degraded
in the control sample and are also present in the
inhibited peptidoglycan.

In the two lactobacilli no UDP-MurNAc-pen-
tapeptides, but only UDP-MurNAc-tetrapep-
tides, were found. They contain mainly C-ter-
minal glycine and may have arisen from UDP-
MurNAc-pentapeptides with C-terminal Gly-D-
Ala by the action of a DD-carboxypeptidase as
described by Izaki and Strominger (17) in E.
coli. L. cellobiosus contains UDP-MurNAc-L-
Ala-'y-D-Glu-L-Orn-D-Ala in normally grown
cells or in cells inhibited by penicillin. It is
possible that the incorporation of such incom-
plete precursors is involved in the regulation of
the extent of cross-linking not only in inhibited
but also in uninhibited cells. Under normal
conditions the C-terminal D-alanine residues of
the tetrapeptide subunits are split off in the
peptidoglycan by carboxypeptidase II (an LD-
carboxypeptidase) (17). Therefore a high per-
centage of tripeptide subunits is found in the
peptidoglycan of normally grown cells. The
tetrapeptide subunits with C-terminal glycine
may be a poorer substrate for carboxypeptidase
II. Consequently, a higher percentage of such
subunits remains in the peptidoglycan of gly-
cine-inhibited cells. Some of the proposed UDP-
MurNAc-pentapeptides containing C-terminal
Gly-D-Ala must have been incorporated and
must have undergone transpeptidation since a
minor portion of glycine is involved in cross-
linkages in both organisms.

Unlike S. aureus, the decrease of the degree of
cross-linkage in L. plantarum and L. cellobiosus
may be caused by the breakdown of modified
UDP-MurNAc-pentapeptides to the corre-
sponding tetrapeptides which are incorporated
but are not suitable for transpeptidation. The
inhibition of cross-linking is therefore of in-
direct nature. In case of L. cellobiosus, the
specificity of the L-ornithine-adding enzyme
seems to be affected by glycine since a signifi-
cant amount of L-lysine is incorporated into the
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glycine-inhibited sample. Also the incorpora-
tion of the interpeptide bridge (D-Asp) is hin-
dered. These two effects were not seen in other
organisms. They may not be related to the
competition of glycine with L- or D-alanine, thus
indicating a third type of glycine action.

Careful enzymatic studies will be necessary to
prove the various conclusions drawn from the
distribution of glycine in peptidoglycan and in
UDP-activated precursors formed in glycine-
inhibited cells. However, the principles of the
action of glycine on peptidoglycan became fairly
clear. There seems to be no particular en-
zymatic reaction common in all bacteria, which
is most sensitive to glycine and solely responsi-
ble for growth inhibition. Although we have
interpreted the effects of glycine as resulting
mainly from the incorporation of subunits con-
taining glycine in positions 4 and 5 with conse-
quent inhibition of cross-linkage, the more
loosely cross-linked cell wall could also be the
consequence of a disruption of the normal
balance between peptidoglycan synthesis and
controlled enzymatic hydrolysis due to a de-
creased incorporation of precursors. The latter
mechanism would most likely lead to an in-
crease of C-terminal D-alanine. Since in most
cases an increase of C-terminal glycine was
found, we consider this mechanism less impor-
tant. The closest analogy to the action of glycine
has been found in investigations of growth
inhibition by D-amino acids. They also replace
D-alanine in position 4 or 5 of the peptidoglycan
precursor. The modified precursors become dis-
criminated against normal ones during the
following reactions, thus leading to a decrease of
the degree of cross-linkage of the peptidoglycan
(Trippen et al., manuscript in preparation). A
similar diversity of differentially sensitive reac-
tions may be the reason for the apparently
contradictory data on the effect of penicillin,
whose action on cell morphology, i.e., sphero-
plast or L-phase induction, has often been
compared with that of glycine (5, 6, 9).
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